The general procedure is discussed for calculating the velocity of a vesicle along a microtubule. The formalism used previously for isotonic contraction in muscle (with multiple actin sites for a given cross-bridge) can be employed. However, some modifications must be made: (i) the kinetic diagram must include a state in which kinesin is absent from a vesicle binding site, (ii) an average must be taken over the locations of the vesicle binding sites relative to microtubule sites, and (iii) a self-consistency condition must be imposed that equates the mean force exerted by kinesin molecules on the vesicle with the frictional resisting force of the medium. This paper is a continuation of ref. 1, where references to relevant experiments will be found. The purpose is to provide more practical details about the methodology or formalism to be used in relating kinesin biochemistry to kinesin-induced motility. The particular example of motility referred to in the following discussion is the motion of a vesicle along a microtubule (as in fast axonal transport), propelled by kinesin molecules attached to the vesicle.
This paper is a continuation of ref. 1 , where references to relevant experiments will be found. The purpose is to provide more practical details about the methodology or formalism to be used in relating kinesin biochemistry to kinesin-induced motility. The particular example of motility referred to in the following discussion is the motion of a vesicle along a microtubule (as in fast axonal transport), propelled by kinesin molecules attached to the vesicle.
Kinetic Diagram for a Vesicle Binding Site
It is assumed that the reader is familiar with ref. 1 , but a few of the required features will be reviewed. Kinesin (K) attached to a vesicle binding site (B) is the analogue of a myosin cross-bridge in muscle contraction. Regularly spaced sites (A) on a microtubule, capable of binding the other end ofa kinesin molecule, are the analogue ofactin sites in muscle contraction. Kinesin must be attached at both ends to exert a force. The discussion here will center on the relation to and required modification of the theoretical formalism (2-5) for the sliding-filament model of muscle contraction. The present problem differs from the muscle problem primarily in that (i) the binding sites (B) for kinesin are presumably distributed at random on the surface of the vesicle and (ii) a given B binding site is not always occupied by a kinesin molecule: these molecules exist free in the surrounding solution and can come and go from the B sites. In muscle, on the other hand, the myosin cross-bridges are always present adjacent to an actin filament and are themselves regularly spaced.
Kinesin is an ATPase. A plausible scheme for the biochemical details of the ATPase cycle of kinesin was introduced in ref. 1 as an illustration. I continue to use this illustrative mechanism here but emphasize that the formalism discussed below is independent of the particular biochemical labels assigned to the various states. Based on the major states in figure 3a of ref. 1, the principal four-state ATPase cycle adopted here is shown in Fig. 1 (states 1, 2 (Fig. 2) , can make contact with A sites on a microtubule via the K as "cross-bridge." Such a B site is called an "active" B site; most B sites are not active. Fig. 1 includes the possibility that the active B site is empty (state 0). Thus the complete illustrative diagram in Fig. 1 for an active B site has two "attached" (to A) states and three "unattached" states (states 0, 1, 4). In muscle contraction theory (2) (3) (4) (5) , where a myosin cross-bridge is the analogue of B-K, state 0 does not exist. Merely by including this extra unattached state in Fig. 1 and in the kinetics, many aspects of the muscle formalism can be taken over without change.
As indicated in Fig. 1 (Fig. 1) is based on the assumption (1) that K binds strongly to B and weakly to A. Thus B sites (on a vesicle) are usually occupied by K, whereas A sites (on a microtubule) are usually empty (except when a vesicle is nearby and states 2 and 3 in Fig. 1 are used) .
Let us now turn to a consideration that makes the kinetic diagram for a B site, shown in Fig. 1 We assume that B sites are scattered in a random fashion over the surface of the spherical vesicle. There is essentially a conventional binding equilibrium between free K1T in solution at concentration CK and these sites. The binding is strong so that most sites are occupied and are in state B K1T (1) . If the vesicle is near a microtubule, as in Fig. 2 , we assume that there is a small group n ofthese active B sites that can interact ( Fig. 1) with the A sites of the microtubule. The A sites are probably on two or three adjacent strands (the vesicle might have a radius of 25-250 nm whereas the 13-strand microtubule is a circular cylinder of outside diameter 25 nm). That is, Because of the random distribution of B sites on the vesicle, the value of n will depend on what part of the vesicle surface happens to be in contact with the microtubule. It is assumed for simplicity that n stays constant as the vesicle moves along the microtubule (the vesicle glides without rotation, thus maintaining the same contact area).
As the vesicle moves along the microtubule (to the right in Fig. 2) , each of the n active B sites does a random walk on its own kinetic diagram (Fig. 3) . We assume that all of the n sites are equivalent (except for random phases in the interval 8) and independent. The rate constant and free energy functions must be provided for any given model, as in refs. 1, 3, and 5, in order to make calculations. Whenever a particular B site is in an attached state (there are six of these in Fig. 3 ), this site makes a contribution to the total additive force F exerted on the vesicle by the n sites. The magnitude of the contribution depends on the slope of the free energy curve for the particular attached state at the appropriate value of x (1, 3). The total force F tends to move the vesicle to the right relative to the microtubule or, as in the muscle formalism, the microtubule to the left relative to the vesicle. F changes as the vesicle moves, because the (different) x value for each of the n active B sites changes. Furthermore, F jumps discontinuously whenever a transition is made into or out of an attached state for any one of the n active B sites. These stochastic details for a moving vesicle can be followed in a Monte Carlo simulation (ref. 4 , pp. 141-149) but the procedure is somewhat involved because of the participation of n sites and the complicated kinetic diagram (Fig. 3) for each of these sites.
In a muscle-model calculation (2) (3) (4) (5) , v has a fixed, assigned value and the mean force F exerted, per cross-bridge, on the actin filament, is calculated. By choosing a number of values of v, the isotonic force-velocity curve may be obtained. The situation here is rather different. If the vesicle (as influenced by all n active B sites) has a velocity vo relative to the microtubule at t = 0, at which point the total force becomes F, then the equation of motion of the vesicle for t : 0 is
where v is the velocity at t, M is the mass of the vesicle, and t is the friction coefficient (Q = 6irrq, where r is the radius of the vesicle and 21 is the viscosity ofthe medium through which the vesicle moves). If F is treated as a constant (justified below), integration of Eq. 1 gives [5]
If we use q = 0.01 poise ( x < 8/2, the other cross-bridges ofthe ensemble would be distributed uniformly over the same interval, -8/2 to 8/2 (defining x in the same way for each cross-bridge). Hence, the total force F exerted by the ensemble ofcross-bridges on the actin filaments would be the same (except for fluctuations arising from a finite ensemble) regardless of the location of x for the reference cross-bridge in the interval -8/2 to 8/2 (as x for this cross-bridge is varied, all cross-bridges in the ensemble move in phase). That is, F is essentially a constant in this interval. The mean force per cross-bridge, F, is equal to F divided by the number of cross-bridges in the ensemble.
Returning now to the vesicle-microtubule interaction, the corresponding x values of the group of n active B sites would also be distributed at random in the interval -8/2 to 8/2. However, n is small. Consequently, the total F (from the n sites) when a particular reference B site is at x in the interval -8/2 to 8/2 will fluctuate considerably. In a Monte Carlo simulation of the movement of the vesicle along the microtubule, an average could be taken over the F values at successive (equivalent) values of x for the reference site: x, x -8, x -28.... This is a time average rather than an ensemble average. Even averaged over a long time, F would in general be a slow ( figure 51 of ref. 3) function of x within the interval -8/2 to 8/2 because of some sensitivity to the particular random distribution of the n sites within the interval. However, we are not so interested in a particular random distribution of the n sites as in the average behavior over all possible random distributions of the n sites. If this latter kind of average is taken (corresponding to averaging over an ensemble of vesicles), we arrive again at a musclelike calculation: there will be a uniform distribution of active B sites over the whole interval -8/2 to 8/2 and the average total F (for n sites) will be independent of the value of x for the reference site in the interval. Because v = F/l even on a fast stochastic time scale, v of the vesicle will also be independent of x in the interval: average v = average F/c.
The conclusion we come to is the following. Because we are interested in an average over all possible random distributions of the n sites in the interval -8/2 to 
Discussion
With, say, n = 10, there would usually be 10 kinesin molecules undergoing independent, stochastic, cyclic activity (Fig. 3) . Because of multiple A sites (Fig. 3) , most of these 10 kinesin molecules would usually be attached to an A site nFX F-( Cell Biology: Aill (3) . Each K exerts a force when attached (depending on the slope of the free energy curve) and the force would change discontinuously when the biochemical state changes (Fig. 3) Finally, it appears that the motion of organelles along actin filaments is managed by the ATPase myosin I in a manner analogous to the role of kinesin above (8) . Perhaps the same kind of formalism applies.
